-We undertook a neurophysiological investigation of the responses of low-threshold mechanoreceptors in the human finger pad to surfaces of differing softness. Unitary recordings were made from 26 slowly adapting type I (SAI), 17 fast-adapting type I (FAI), and 9 slowly adapting type II (SAII) afferents via tungsten microelectrodes inserted into the median nerve at the wrist. A servo-controlled stimulator applied ramp-and-hold forces (1, 2, 4 N) at a constant loading and unloading rate (2 N/s) via a flat silicone disc over the center of the finger pad. Nine discs were used, which linearly increased in stiffness across the range. Population responses of the SAI afferents showed the greatest sensitivity to compliance, with a steep monotonic increase in mean firing rate with increasing stiffness (decreasing compliance) of the surface during the loading and plateau (but not unloading) phases. FAI afferents also showed a linear increase in firing during the loading but not unloading phase, although the slope was significantly lower than that of the SAI afferents at all amplitudes. Conversely, SAII afferents were influenced by object compliance only in certain conditions. Given their high density in the finger pads and their linear relationship between firing rate and object compliance during the loading and plateau phases, SAI afferents (together with FAI afferents during the loading phase) are ideally suited to contributing information on surface compliance to the overall estimation of softness, but the SAII afferents appear to play only a minor role. cutaneous; human; mechanoreceptor; microneurography; single unit THE REMARKABLE VERSATILITY of the human hand depends not just on its anatomic structure but, in particular, on the sophisticated neural mechanisms that control it. We use our hands to explore the physical world within our reach and, with tools, the world beyond our reach, and to act on the world through manipulation of environmental objects. To control both the exploratory and manipulatory functions of the hand, the brain must obtain accurate descriptions of various mechanical events that take place when objects are brought into contact with the hand or when the fingers make contact with an object; cutaneous mechanoreceptors in the fingers play crucial roles in providing such information. Microneurographic studies in human subjects have revealed the existence of four classes of tactile afferent: two classes adapt rapidly (fast adapting: FAI and FAII) to a static indentation, whereas two adapt slowly (SAI and SAII). Type I afferents possess small and welldefined receptive fields, whereas type II afferents have larger fields with more obscure borders. In both humans and monkeys, the finger pads have the highest density of FAI and SAI endings; SAII afferents are not found in the finger pads of monkeys. Indeed, it is the high density of type I afferents in the finger pads that provides us with our capacity for tactile discrimination and the reason the finger pads are used for tactile exploration and manipulation Johannson and Vallbo 1979; Wheat et al. 2004) .
THE REMARKABLE VERSATILITY of the human hand depends not just on its anatomic structure but, in particular, on the sophisticated neural mechanisms that control it. We use our hands to explore the physical world within our reach and, with tools, the world beyond our reach, and to act on the world through manipulation of environmental objects. To control both the exploratory and manipulatory functions of the hand, the brain must obtain accurate descriptions of various mechanical events that take place when objects are brought into contact with the hand or when the fingers make contact with an object; cutaneous mechanoreceptors in the fingers play crucial roles in providing such information. Microneurographic studies in human subjects have revealed the existence of four classes of tactile afferent: two classes adapt rapidly (fast adapting: FAI and FAII) to a static indentation, whereas two adapt slowly (SAI and SAII). Type I afferents possess small and welldefined receptive fields, whereas type II afferents have larger fields with more obscure borders. In both humans and monkeys, the finger pads have the highest density of FAI and SAI endings; SAII afferents are not found in the finger pads of monkeys. Indeed, it is the high density of type I afferents in the finger pads that provides us with our capacity for tactile discrimination and the reason the finger pads are used for tactile exploration and manipulation Johannson and Vallbo 1979; Wheat et al. 2004) .
Much has been learnt about how cutaneous mechanoreceptors in the monkey finger pad encode discrete mechanical features such as roughness and shape. Human and monkey fingers are similar but by no means the same: 1) the compliance of the fingertip pulp (the ratio between force and displacement or stress and strain) and 2) the surface features (orientation of the papillary ridges, frictional properties of the skin) differ between the species, and tactile afferents are known to be sensitive to each of these parameters. By comparing neurophysiological data obtained in the monkey with human psychophysical data, it has been shown that SAI afferents are primarily responsible for encoding object shape and orientation across the finger pad, with FAI afferents contributing information on stimulus intensity (Blake et al. 1997; Wheat 1999, 2004; Goodwin et al. 1995; Khalsa et al. 1998; LaMotte and Srinivasan 1987a , 1987b Srinivasan and LaMotte 1987) ; this has been confirmed by microelectrode recordings from the median nerve of humans, although there is evidence that the FAI afferents are just as good as the SAI afferents at encoding object shape (Bisley et al. 2000; Jenmalm et al. 2003; Johansson and Birznieks 2004) . Similarly, studies in the monkey have shown that the spatial variation in SAI impulse rates provides the substrate for encoding roughness and texture (Blake et al. 1997) , and human studies have also shown that the SAI afferents provide a higher capacity to resolve roughness than do the FAI or FAII afferents, and especially the SAII afferents (Phillips et al. 1990 (Phillips et al. , 1992 . However, little work has been done on the mechanisms underlying our capacity to discriminate the compliance of various objects, the perceptual attribute of which is softness. The amount of deformation of an object to an applied force is an important physical property that is used in sensory discrimination and recognition of different objects. Softness is also important for motor control because it predicts the deformation and movement of the object in response to applied forces. Accordingly, being able to sense compliance accurately allows us to apply appropriate contact forces while exploring or manipulating an object.
Early psychophysical studies lacked the necessary stimulus control, using objects of varying properties and focusing more on the subjective ratings of differential sensitivities on category scales (Harper and Stevens 1964) . Other psychophysical studies undertaken by Jones and Hunter (1990) demonstrated the ability of the human proprioceptive system to discriminate between the varying stiffness of an external mechanical system. They did not, however, differentiate between sensory modalities, nor did they investigate the roles of rates of changes of compression forces or surface contact area. Further complicating the study of softness is the fact that compliant objects can be differentiated into those with deformable surfaces (e.g., modeling clay) and those with rigid surfaces (e.g., piano keys). In a study by Srinivasan and LaMotte (1995) , an attempt was made to differentiate between the contributions of kinesthetic information (i.e., movement-related signals provided by muscle spindles) and tactile information (i.e., touchrelated signals provided by cutaneous mechanoreceptors) in softness discrimination of objects with both rigid and deformable surfaces. Furthermore, the effect of indentation velocity and contact force on a subject's capacity to discriminate between objects of differing compliance was determined. Their study suggested a relationship between object compliance and shape: objects with deformable surfaces could be discriminated by tactile cues alone, whereas those with rigid surfaces required both tactile and kinesthetic inputs. The results also indicated that perception of softness was most likely based on the spatiotemporal variation in pressure on the skin and the spatial distribution of discharge in a population of slowly adapting afferents (Srinivasan and LaMotte 1995) .
Single-unit recordings from a preliminary series of experiments performed in the monkey showed that the firing rates of SAI afferents in the finger pads are lower for softer objects, in which the rate of change of force is also lower, whereas the firing of FAI afferents was the same regardless of compliance, suggesting that the discharge rates of SAI afferents were likely to be major contributors for the tactile discrimination of softness in humans . However, as noted above, the finger pads of monkeys are lacking one type of slowly-adapting mechanoreceptor, the SAII afferent (Ruffini ending), and as such it is not known whether this class of tactile afferent contributes to the encoding of object compliance in humans. The purpose of the present study was to assess the capacity of tactile afferents supplying the human finger pad to differentially respond to the compliance of a surface. In particular, we wanted to determine whether information on the compliance of a touched object could be carried in the mean firing rate of one class of tactile afferent, the SAI afferent. We used the same silicone surfaces employed by Friedman et al. (2008) in their psychophysical study of magnitude estimates of softness, including surfaces both harder and softer than the finger pad.
MATERIALS AND METHODS
Twenty-seven subjects (9 men and 18 women), ages 18 -30 yr, were recruited for the study, which was conducted with the approval of the Human Research Ethics Committee of the University of Western Sydney and in accordance with the Declaration of Helsinki. Subjects provided informed consent before participating in the experimental procedures. Each subject was placed in a comfortable sitting position with the right or left arm supine atop a solid surface. The hand was supported with the use of a secure wooden mount angled at 45°to the solid surface and a vacuum cast to support the forearm. Digits two, three, and four were secured to the wooden mount with the use of adhesive glue spots on the nails to maintain finger position.
Microneurography. The median nerve at the level of the wrist was located by application of weak cathodal stimuli (1.0 -4.5 mA, 0.2 ms, 1 Hz), delivered by a 2-mm-diameter probe via an optically isolated constant-current stimulator (Stimulus Isolator; ADInstruments, Sydney, Australia). A surface Ag-AgCl electrode placed on the dorsum of the wrist served as the anode. An insulated tungsten microelectrode, with a shaft diameter of 200 m and an exposed tip of ϳ5 m (FHC, Bowdoinham, ME), was then inserted percutaneously into the nerve at the level of the wrist; an uninsulated microelectrode inserted subcutaneously ϳ1 cm away served as the reference electrode. Intraneural stimulation (0.02-1 mA, 0.2 ms, 1 Hz) via the recording microelectrode was then used to guide the microelectrode into a cutaneous fascicle of the nerve, as judged by the subject's reports of radiating paraesthesiae. Once the tip of the microelectrode had entered a fascicle, indicated by cutaneous sensations at Յ0.02 mA, neural activity was amplified (ϫ10,000, 0.3-5.0 kHz) using a low-noise headstage (NeuroAmpEX; ADInstruments) and the fascicular innervation zone explored by stroking and tapping the skin until a single mechanoreceptor was identified, the location of which was identified and marked on the subject's finger pad. Afferents were classified as fast or slowly adapting to a sustained indentation, their receptive field size was determined, and mechanical thresholds were measured by applying calibrated deformable monofilaments (Semmes-Weinstein Aesthesiometers; Stoelting, Chicago, IL).
Stimulation. Nine silicone surfaces of linearly decreasing compliance (softness) were used, the same surfaces used in the magnitude estimates of softness study undertaken by Friedman et al. (2008) . The surfaces (obtained from R. H. LaMotte) were made from two-component silicone rubber compounds mixed with varying amounts of diluent to achieve specimens of differing compliance, as described previously (Friedman et al. 2008 ) and embedded in 36-mm-diameter petri dishes. The exposed surfaces were then powdered with talc to eliminate stickiness. In turn, each was applied to the surface of the finger pad with the use of a holder attached to the shaft of a linear motor (Baldor), mounted on the vertical (Z) axis of a three-axis linear gantry (Baldor) that was used to locate the position of the stimulating motor in the X-and Y-axes. Displacement in the Z-axis was measured via a linear variable displacement transducer (LVDT), and force was measured at the base of the silicon rubber holder using a sensitive triaxial transducer (Nano F/T transducer; Assurance Technology). The compliance of the silicone surfaces was determined as the ratio of the amount of surface deformation to an applied force of 1 N (mm/N) and measured in progressive log units of 1.3, ranging from 0.21 to 7.59 mm/N (Friedman et al. 2008) . The surfaces, ranging from the softest (surface 1) to the hardest (surface 9), were presented in the following order: 9, 1, 5, 7, 3, 8, 4, 6 , and 2. Each surface was presented to the center of the finger pad of the receptor-bearing digit. The surface was first brought to within 0.5 mm of the finger pad under position control using the LVDT. The control system was then engaged in a forcecontrol mode, in which the Z force at the probe tip provided the feedback to the control circuitry, and the first stimulus was presented, causing the surface to contact the finger pad with a light contact force Ͻ0.2 N. Stimuli were then delivered under force-feedback control at a constant rate of 2 N/s and at three amplitudes (1, 2, and 4 N), returning to the light contact force between the trapezoidal force profiles. The duration of the loading and unloading ramp was 0.5, 1, and 2 s for the 1-, 2-, and 4-N loads, with the duration of the plateau phase being 1 s for all loads; the interval between the three loads was 3.5 s. The entire sequence, including the generation of the initial contact force, was repeated for all surfaces such that the time between the end of one run of three amplitudes and the commencement of the next run required at least 50 s; this time included manually removing the current surface and replacing it with the new surface. Afferent impulses were digitized (10 kHz) and stored with force, torque, and displacement signals (400 Hz) using a computer-based data acquisition and analysis program (LabChart 7 software and PowerLab16S hardware; ADInstruments).
Data analysis. Neural activity was analyzed using IGORPro 6.2 (WaveMetrics). Single units were discriminated and an instantaneous frequency plot generated. Any spontaneous activity was measured as the number of impulses during a 1-s epoch preceding the onset of the stimulus. The number of spikes was counted during the loading (on-ramp), plateau, and unloading (off-ramp) phases. Furthermore, the peak instantaneous frequency (the inverse of the shortest interspike interval) during the loading and plateau phase and the latency at which this occurred were determined. Finally, the first spike latency was determined as the time difference between the onset of the ramp stimulus and the first detected impulse. For the spontaneously active SAII afferents, this was taken as the latency corresponding to the first short interspike interval following the onset of the ramp. The number of spikes was counted for each phase of the stimulus by collapsing the data into 1) baseline, 2) loading, 3) plateau, and 4) unloading phases. The loading and unloading ramp rates were constant (2 N/s), but because the amplitudes differed (1, 2, 4 N), the duration of the loading ramp increased with increasing amplitude (0.5, 1.0, 2.0 s). Accordingly, mean firing rates during the loading and unloading phases were estimated by dividing the total number of spikes by duration of the stimulation phase.
Statistical analysis. Two-way analysis of variance, coupled with the Tukey multiple comparison test, was used to examine interactions between amplitude of the stimulus and surface compliance, whereas linear correlation was used to examine the relationship between a single variable and surface compliance (Prism 5.0; GraphPad Software). All values are means and SE, and P Ͻ 0.05 was considered statistically significant.
RESULTS

Afferent sample.
A total of 71 single afferents were recorded from the median nerve. However, 15 of these were excluded form the analysis because the location of the receptive field of the afferent was too proximal to the finger pad and thus unaffected by stimulus application. Of the remaining 56 afferents, 21 (38%) were located on the index finger, 18 (32%) on the middle finger, and 17 (30%) on the ring finger. Twenty-six (46%) of the afferents were classified as SAI afferents, 17 (30%) as FAI, 11 (20%) as SAII, and 2 (4%) as FAII afferents.
SAI afferents. Experimental records from one SAI afferent, located in the finger pad of the index finger, are shown in Fig. 1 . Afferent responses to two sets of stimuli are shown: a soft surface in Fig. 1A and a harder surface in Fig. 1B . After the first trapezoid, the compression ramps commenced with a light contact force of Ͻ0.2 N that had been established as the starting force of the stimulator probe in contact with the finger pad. As expected, displacements during the compression ramps were greater for the more compliant surfaces. Nevertheless, despite differing surface compliances, the force profiles during the loading, plateau, and unloading phases were constant for all surfaces. It can be seen that for the softer surface this afferent Fig. 1 . Experimental records from a slowly adapting type I (SAI) afferent to trapezoidal compression ramps delivered to the pad of the receptor-bearing digit at 2 N/s. The receptor was located on the centre of the finger pad of digit II and had a receptive field diameter of 3 mm; its threshold was 3.22 log units (ϫ0.1 mg). Responses to 1-, 2-, and 4-N forces are shown for a soft surface (surface 3) in A and for a stiffer surface (surface 8) in B. The loading phase is enclosed by the rectangles. Note that firing rates were lower for the softer surface. generated only one spike during the loading phase of the 1-N stimulus but generated three and four spikes, respectively, during the longer 2-and 4-N loading ramps (Fig. 1A) . Interestingly, it did not fire during the plateau phase, nor did it respond during the unloading phase. Conversely, the afferent fired throughout the loading and plateau phases at all amplitudes when the stiffer surface was delivered (Fig. 1B) , decelerating during the unloading phase. This SAI afferent clearly generated higher firing rates for the less compliant surface, despite the forces produced in the finger pad being identical to those produced by the softer surface.
Mean data for the 26 SAI afferents are shown graphically in Fig. 2 . It can be seen that, as a group, SAI afferents in the finger pad showed a monotonic increase in the number of spikes during the loading and plateau phases of the stimuli as a function of surface compliance: the lower the compliance (i.e., the stiffer the surface), the greater the number of spikes. The same was true for the peak instantaneous frequency during the loading phase. Although there were significant linear relationships between the number of spikes generated during the loading, plateau, or unloading phases as a function of both amplitude and surface (P Ͻ 0.005), two-way ANOVA showed that there were no interactions between force and compliance (P Ͼ 0.99). Moreover, calculation of normalized mean firing rates during the loading and unloading phases, to take into account the differing ramp durations at the three force levels, revealed no significant differences in mean firing rate as a function of amplitude. In other words, at a constant loading and unloading rate, the population of SAI afferents could faithfully encode surface compliance as a function of mean firing rate. First spike latency, the time at which the afferent first responded during the loading ramp, was inversely related to surface compliance at all forces (P Ͻ 0.0001): the stiffer the surface, the shorter the latency. Curiously, onset latencies were longer for greater amplitudes during the loading phase (P Ͻ 0.0001; Fig. 2D ). This phenomenon can be seen in the raw data of Fig. 1A , in which the generation of spikes occurs later in the loading ramp for the larger forces; the latency at which the peak discharge frequency occurred was also significantly longer for the larger (and longer) force ramps. It should be emphasized that because the loading rate was constant, the spike onset latency should be identical at each amplitude; that it was not indicates that hysteresis in the mechanical properties of the finger pad may be responsible. As noted in MATERIALS AND METHODS, for a given surface the stimuli were given in the same order: 1, 2, and 4 N, with a 3.5-s interval between each stimulus. Moreover, the order in which surfaces were presented was also constant. Nevertheless, as shown in Fig. 2D , at a given amplitude differences in surface compliance were linearly encoded by first spike latency for the sample of SAI afferents, suggesting that there was no hysteresis in afferent responsiveness. Inspection of single afferent responses re- Fig. 2 . Effects of surface compliance and force on the number of spikes generated by SAI afferents during the loading phase (A), mean firing rate during the plateau phase (B), peak instantaneous frequency during the loading phase (C), and first spike onset latency during the loading phase (D). Data are means Ϯ SE from 26 SAI afferents. Surface 1 is the most compliant (softest) surface; surface 9 is the hardest. Firing rates increased with a harder surface, whereas the first spike latency decreased.
vealed that spike count increased linearly in the majority of afferents; two units showed no increase during the loading phase, and four units showed no change during the plateau phase, of the 4-N force ramps. FAI afferents. As expected, FA I afferents responded only during the loading (and occasionally unloading) phase of the stimulus; some afferents also discharged intermittently and inconsistently during the plateau phase. A representative recording is shown in Fig. 3 . This afferent, located in the finger pad of the middle finger, when presented with the softer surface (Fig. 3A) , responded with one spike during the loading phase in both the 1-and 2-N trials but did not fire at all during the application of the 4-N load. Conversely, the afferent responded faithfully at all amplitudes with the harder surface (Fig. 3B) .
Mean data for the sample of 17 FAI afferents are illustrated in Fig. 4 . Like the SAI afferents, as a population the FAI afferents exhibited a significant linear increase in the number of spikes with increasing surface stiffness during the loading phase (P Ͻ 0.001). With the exception of three afferents, the majority followed a similar response pattern, increasing their firing rates as stiffness increased. By comparison, the mean slope of this relationship for the FAI afferents was significantly lower than that for the SAI afferents at all amplitudes (in spikes/arbitrary unit: 0.33 Ϯ 0.13 vs. 0.47 Ϯ 0.08 at 1 N, 0.58 Ϯ 0.19 vs. 1.18 Ϯ 0.19 at 2 N, and 1.12 Ϯ 0.26 vs. 2.17 Ϯ 0.37 at 4 N, FAI vs. SAI, respectively; P Ͻ 0.05). The same was true for the normalized mean firing rate during the loading phase. As expected, there was negligible activity during the plateau phase (Fig. 4B) , but for the largest amplitude (4 N) there was a significant positive relationship between firing rate and stiffness (P ϭ 0.02) during the unloading phase (not shown). Unlike the SAI afferents, peak firing rates were not significantly related to surface stiffness. However, like the SAI afferents, first spike latencies were significantly shorter for the stiffer surfaces (P Ͻ 0.001). There were no significant interactions between surface and amplitude, but spike onset and peak frequency latencies were significantly longer for the larger amplitudes.
SAII afferents. Of the 11 SAII afferents recorded, only 9 are considered as representing the population response; the 2 remaining afferents are considered separately because they were spontaneously active and application of normal force to the finger pad inhibited their ongoing discharge. All SAII afferents exhibited spontaneous activity (6.8 Ϯ 0.1 Hz). Experimental records from one SAII afferent are shown in Fig. 5 . This afferent increased its firing rate during the loading and plateau phases, decreasing during the unloading phase. It is apparent that there were no overt differences in responses to the softer and stiffer surfaces.
Mean data for the nine afferents are shown in Fig. 6 . There were significant linear relationships (P Ͻ 0.02) between surface compliance and the number of spikes and normalized mean firing rate during the loading phase and plateau phase for the 4-N loads (and also for the 2-N load during the plateau phase), but there were no significant relationships during the unloading phase. As for the FAI afferents, the slope of the relationship between spike count and surface stiffness during Fig. 3 . Experimental records from a fast-adapting type I (FAI) afferent to trapezoidal compression ramps delivered to the pad of the receptor-bearing digit at 2 N/s. The receptor was located on the center of the finger pad of digit III and had a receptive field diameter of 8 mm; its threshold was 4.08. Responses to 1-, 2-, and 4-N forces are shown for a soft surface (surface 3) in A and for a stiffer surface (surface 8) in B. The loading phase is enclosed by the rectangles. the loading phase was significantly lower for the SAII afferents than for the SAI afferents at all amplitudes (in spikes/arbitrary unit: 0.17 Ϯ 0.13 vs. 0.47 Ϯ 0.08 at 1 N, 0.43 Ϯ 0.28 vs. 1.18 Ϯ 0.19 at 2 N, and 1.49 Ϯ 0.57 vs. 2.17 Ϯ 0.37 at 4 N; P Ͻ 0.05). None of the nine SAII afferents decreased their firing rate with increasing stiffness. There were no significant relationships between first spike onset latency. Of the two SAII afferents that decreased their spontaneous firing during the application of the compression ramps, for one of these afferents there was greater inhibition with the stiffer surfaces. However, there was no systematic relationship to compliance for either afferent.
FAII afferents. Of the two FAII afferents we recorded, one exhibited statistically significant (P Ͻ 0.001) increases in peak firing rates during the loading phase with increasingly stiffer surfaces. It was evident that both of these afferents were responding to subtle vibrations within the linear motor, since the firing rate was maintained during the plateau phase of stimulus application. Seemingly spontaneous, these afferents both responded well to brisk air currents and to remote mechanical stimuli. Unlike the SAI and FAI afferents, there was no significant relationship between first spike onset latency and surface compliance. Nevertheless, because of their exquisite sensitivity to mechanical transients, even those occurring outside their wide receptive fields, and their very rapidly adapting nature and low density within the finger pads, it is unlikely that FAII afferents would play an important role to play in encoding surface compliance, at least under the conditions used in the current study.
DISCUSSION
The aim of this study was to determine whether differences in the firing properties of specific classes of cutaneous mechanoreceptors in the finger pads could be used to provide information on the compliance of a surface brought into contact with the finger. We have shown that the firing properties of SAI afferents alter strongly and consistently in relation to stimulus compliance, suggesting that they are the most likely of the four types of mechanoreceptive afferents to encode object compliance. The firing of FAI afferents was also shown to alter as a result of changing compliance, if only during the loading phase of the stimulus and, as a population, at a lower slope than for the SAI afferents. Conversely, the SAII afferents exhibited significant changes in their firing properties as a function of surface compliance only at the largest loads, and the low density of FAII afferents in the finger pad precluded us from obtaining an adequate sample to interpret their firing properties. Still, it is less likely, in the conditions used in this study, that FAII afferents would contribute to the signaling of object compliance. However, it is possible that they may contribute when we use quick finger tapping of an object to gauge its compliance.
SAI afferents. The SAI afferents were very sensitive to changes in stimulus compliance, and we believe these afferents . Effects of surface compliance and force on the number of spikes generated by FAI afferents during the loading phase (A), mean firing rate during the plateau phase (B), peak instantaneous frequency during the loading phase (C), and first spike onset latency during the loading phase (D). Data are means Ϯ SE from 17 FAI afferents. Surface 1 is the most compliant (softest) surface; surface 9 is the hardest. Firing rates increased with a harder the surface, whereas the first spike latency decreased.
provided the most useful information to the brain for judging the softness of an object. The monotonic increase in firing rate with stiffer objects can be explained through the mechanics of force application. Tactile afferents respond primarily to mechanical deformations of the skin surface, with the SAI afferents responding to the force applied to the finger pad in contact with the silicon surfaces generated by the linear motor (1, 2, or 4 N). As the stimulus is applied, the displacement necessary to achieve the desired force load is larger for the more compliant stimuli. This results in the surface conforming to the fingertip, thereby distributing the delivered force over a larger surface area. Given this larger contact surface area, the force per unit area would be expected to be lower for more compliant objects such that the SAI mechanoreceptor would experience a greater portion of the force over its receptive field for a more compliant surface. This explanation also accounts for the higher peak frequency with the harder surfaces. In relation to the first spike onset latency, less compliant (harder) surfaces displace the finger pulp to a greater extent than more compliant surfaces. The effective stimulus (i.e., the force) would therefore be reached sooner, accounting for the shorter spike onset latency seen with the application of less compliant (harder) surfaces. It is interesting that spike onset latencies were longer for the larger loads; given that it was most noticeable with the more compliant surfaces it is possible that this reflects a historydependent change in mechanics of the surface: whereas a pseudorandom order of presentation of the surfaces was used, for a given surface the loads were always delivered in the order of 1, 2, and 4 N, with an intertrial interval of 3.5 s. Although we would have thought that 3.5 s would be long enough for the surface to return to its initial state following retraction of the stimulus from the finger pad, perhaps residual viscoelastic properties mean that the longer spike onset latencies with the higher loads are an artifact of the experimental apparatus. Importantly, first spike onset latency was linearly related to surface compliance: the softer the surface, the longer the latency, so it would appear that hysteresis of the finger pads is not responsible. There was also an increase in mean firing rate, peak frequency, and peak frequency latency as a function of stimulus amplitude. These results were expected given the increase in force: not only is the SAI afferent clearly firing at a higher rate with a greater force amplitude, but the maximum firing rate it reaches increases, as does the time at which this occurs after the onset of the stimulus. Given that the loading (and unloading) ramp rates at each amplitude were constant (2 N/s), the only variation was the time over which the linear motor applied the force. Consequently, longer ramps were required to generate a higher plateau phase. Normalized mean frequencies during the loading phase were the same at all amplitudes.
FAI afferents. FAI afferents showed a positive relationship between normalized mean firing rate and stiffness during the loading phase. However, for the 2-and 4-N loads, the slope of the linear regression lines for FAI afferents was approximately one-half that of the SAI afferents, indicating a lower sensitivity. Nevertheless, we conclude that during the initial dynamic phase of the compression stimulus, the FAI afferents do contribute to the encoding of compliance. Indeed, it is worth pointing out that there are twice as many FAI afferents as SAI afferents in the fingertips (Johansson and Valbo 1979) . Fig. 5 . Experimental records from a slowly adapting type II (SAII) afferent to trapezoidal compression ramps delivered to the pad of the receptor-bearing digit at 2 N/s. The receptor was located on the medial aspect of side of digit III, 2 mm ventral to the edge of the nail, and responded to stimuli applied to the distal half of the finger pad; its threshold at its hot spot was 4.08. Responses to 1-, 2-, and 4-N forces are shown for a soft surface (surface 3) in A and for a stiffer surface (surface 8) in B. The loading phase is enclosed by the rectangles. Note that firing rates were lower for the softer surface.
It is known that FAI afferents respond well to light stroking and shear tangential forces, whereas SAI afferents appear to respond better to stimuli delivered normal to the skin (Birznieks et al. 2001 ). This may account for the difference in sensitivities of these afferents to changes in compliance. Similar explanations as to the decrease in first spike onset latency of SAI afferents as a result of increasing stiffness may also apply to the FAI afferents. For compliant surfaces, the time taken to reach the effective force is longer than the time taken during application of a stiffer surface. Johansson and Birznieks (2004) showed that FAI afferents were the most efficient of the cutaneous mechanoreceptive afferents in the finger pads at providing reliable information about the directions of fingertip forces and object shape, by using the relative timing of first spike latencies in an afferent population. First spike latencies could also reliably discriminate torque loads applied to the monkey finger pad (Birznieks et al. 2010) . The current results strengthen the possibility that similar encoding patterns contribute to the overall population response.
SAII afferents. Given that the only previous study to have investigated the encoding of compliance by low-threshold mechanoreceptors was done in the monkey , which possesses no SAII afferents in the glabrous skin of the hand, the role SAII afferents play in encoding compliance has not been examined until now. However, the results obtained in the present study reveal no significant changes in SAII firing properties as a function of changing compliance: the slopes of SAII afferents were one-half to one-third of those of FAI afferents and did not significantly deviate from zero, except at the highest forces. Like all other classes of tactile afferent tested, the SAII afferents did respond to indentation of the silicone surface on the finger pad. However, SAII afferents are known to possess the highest mechanical thresholds of all four types of mechanoreceptive afferents in the finger pads (Johansson and Vallbo 1979) , with any responses generated from compression forces reflecting the resultant increases in tensile strain of the surrounding tissue, rather than the compression itself (Grigg and Hoffman 1996) . The nature of the Ruffini endings associated with these afferents account for this higher mechanical threshold; Ruffini endings are activated by skin stretch due to their in-series mechanical coupling to intradermal collagen afferents (Chambers et al. 1972) .
Interestingly, two of the SAII afferents recorded decreased their spontaneous discharge during all phases of the forces. Although the responses of these afferents to changes in compliance were negligible, it was interesting to note the variation in responses to simple indentation stimuli within the SAII population. One possible explanation for this phenomenon could be the orientation of the Ruffini ending within the skin and the directional sensitivity of some SAII afferents to skin stretch. Results from Knibestol's (1975) quantitative study on the properties of SA afferents identified certain SAII afferents that exhibited directional sensitivity to skin stretch: the firing rate of our two afferents increased as a result of skin stretch in the proximal-distal direction, whereas stretching perpendicular . Effects of surface compliance and force on the number of spikes generated by SAII afferents during the loading phase (A), mean firing rate during the plateau phase (B), peak instantaneous frequency during the loading phase (C), and first spike onset latency during the loading phase (D). Data are means Ϯ SE from 9 SAII afferents. Surface 1 is the most compliant (softest) surface; surface 9 is the hardest.
to this inhibited their spontaneous discharge. It is possible that the end-organs of these two afferents were orientated in directions that differed from those of the majority of the SAII afferents sampled, thereby resulting in a decrease in firing as a result of stimulus application. Location seemed to play no role in end-organ orientation: one of these afferents was located on the very tip of the finger pad, close to the nail bed, whereas the other was located centrally, just radial to the central whorl. FAII afferents. Of the two FAII afferents recorded, only one responded with an increase in mean and peak firing rate as a function of decreasing compliance during the loading phase. It was evident that these mechanoreceptive afferents were responding to subtle vibrations within the linear motor, given that FAII afferents are known for their astonishing sensitivity to high-frequency vibrations (above 200 Hz), with thresholds as low as 1 m (Mountcastle et al. 1972) .
Population responses. Although the current study indicates that the SAI afferents provide the most information on surface compliance, it should be pointed out that, on the basis of their work in monkeys, Srinivasan and LaMotte (1995) suggested that changes in the firing of individual SAI afferents could not solely encode the compliance of an object because the afferent's discharge rates were also influenced by indentation velocity; it is possible for two stimuli of varying compliance to generate identical afferent responses simply by changing the indentation velocity. Accordingly, the compliance of deformable objects may not be represented in the firing rates of SAI afferents, but rather by the spatial distribution of inputs from SAI afferents, which would experience a more uniform deformation profile with a less compliant surface irrespective of the indentation velocity, and hence be unaffected by moderate changes in contact force or velocity. We would need a much larger sample size to assess the effects of receptive field location, in particular sampling afferents on the sides of the digits, to address this. Nevertheless, for a given indentation velocity we can say that the firing of SAI afferents could faithfully encode differences in compliance, because there was no difference in the normalized mean firing rate during the loading phase for loads of different amplitudes but a significant positive relationship between compliance and mean and peak firing rates. In addition, the FAI afferents showed significantly higher spike numbers with stiffer surfaces during the loading phase, and first spike onset latencies were significantly shorter with a stiffer surface for both classes of afferent.
Previous studies Goodwin et al. 1995 Goodwin et al. , 1997 Wheat and Goodwin 2000) have investigated the mechanisms by which spatially distributed afferent populations respond to mechanical stimuli by recording the responses of single afferents to stimuli applied at different positions in relation to an individual afferent's receptive field. Such studies have shown the importance of population responses, given that certain tactile stimuli, such as vibratory stimuli or object shape, cannot be encoded by the responses of a single afferent. However, there are issues that need to be addressed regarding the investigation of population responses with the use of inferences from responses of individual afferents. Such a method requires the assumption that the biomechanical properties of the skin are homogeneous and that the skin surface is symmetric, both of which are false for the finger pad . Also, when the compliance of flat objects wider than the fingertip is tested, a shift in object position does not change the stimulus property delivered. This was a not a concern in the study under taken by Goodwin et al. (1995 Goodwin et al. ( , 1997 because the stimuli applied were spheres with contact surface areas smaller than that of the finger pad such that the responses of single afferents would differ depending on object location. However, if objects with contact surface areas larger than the finger pad (particularly flat objects, such as those used in the current study) were applied, then the responses of single afferents would not be expected to vary as a function of location of the receptive field and thus could not be used to infer population responses. In the current study we applied objects to a fixed position on the finger pad and recorded from a number of afferents with receptive fields evenly distributed across the finger pad. Recent studies on the responses of tactile afferents in the human finger pad to compression forces applied to the center of the finger pad have emphasized the need to consider the entire terminal phalanx (Bisley et al. 2000; Birznieks et al. 2001; Jenmalm et al. 2003) . Indeed, SAI (and in humans, SAII endings), as well as FAI receptors, on the end and sides of the terminal phalanx can respond vigorously to stimuli applied at locations remote to their receptive fields, and each of these classes of tactile afferent can contribute to encoding the direction of fingertip forces (Birznieks et al. 2001 (Birznieks et al. , 2009 ) and the curvature of objects applied to the finger pad (Bisley et al. 2000; Goodwin et al. 1997; Jenmalm et al. 2003 ).
As noted above, we would need a larger sample of afferents to address the contributions of those with receptive fields on the sides of the digit to encoding compliance.
Conclusions. Clearly, the SAI afferents possess the capacity to faithfully encode changes in surface compliance during the loading and plateau phases, as well as during the unloading phases. Conversely, the FAI afferents could only provide reliable information during the loading phase and, for the largest amplitudes, also during the unloading phase. Whether subjects rely mostly on information during the loading (and perhaps unloading) phase, rather than the plateau phase, to base their judgment on the softness of the surface is not known; the psychophysical study conducted on the same silicone surfaces employed in the current study used trapezoidal stimuli of varying rates and amplitudes, with a plateau phase of 1 s (Friedman et al. 2008) . Given that the loading rates were the longest component of these stimuli, as in the current protocol, it is likely that subjects were using the rate of change of the surface during the loading phase on which to base their estimate of softness. SAII and FAII afferents seem to play negligible roles in encoding compliance. Nevertheless, construction of population responses and changes in first spike onset latencies for a larger sample of spatially diverse afferents may ultimately reveal some contributions from the SAII and FAII afferents, and, ultimately, we cannot exclude the likelihood that surface compliance is represented in the population behavior of all afferent classes in the finger pad.
